Background. Serum albumin concentration is a commonly available biomarker with prognostic value in many disease states. It is uncertain whether serum albumin concentrations are associated with incident end-stage renal disease (ESRD) independently of urine albumin-to-creatinine ratio (ACR). Methods. A longitudinal evaluation was performed of a population-based community-living cohort from the Reasons for Geographic and Racial Differences in Stroke (REGARDS) Study. Participants were !45 years of age at study entry and had serum albumin, creatinine, cystatin C and spot urine ACR measured at the baseline visit (n ¼ 19 633). Estimated glomerular filtration rate (eGFR) was from the Chronic Kidney Disease Epidemiology Collaboration combined creatinine-cystatin C equation. Baseline serum albumin concentration was the predictor variable, and hazard ratios (HRs) for incident ESRD (from US Renal Data System linkage) were calculated in sequentially adjusted models. Results. Age at study entry was 63.9 6 9.7 years, 62% of the participants were female and 40% were black. Mean eGFR at baseline was 83.3 6 20.8 mL/min/1.73 m
A B S T R A C T
Background. Serum albumin concentration is a commonly available biomarker with prognostic value in many disease states. It is uncertain whether serum albumin concentrations are associated with incident end-stage renal disease (ESRD) independently of urine albumin-to-creatinine ratio (ACR). Methods. A longitudinal evaluation was performed of a population-based community-living cohort from the Reasons for Geographic and Racial Differences in Stroke (REGARDS) Study. Participants were !45 years of age at study entry and had serum albumin, creatinine, cystatin C and spot urine ACR measured at the baseline visit (n ¼ 19 633). Estimated glomerular filtration rate (eGFR) was from the Chronic Kidney Disease Epidemiology Collaboration combined creatinine-cystatin C equation. Baseline serum albumin concentration was the predictor variable, and hazard ratios (HRs) for incident ESRD (from US Renal Data System linkage) were calculated in sequentially adjusted models.
Results. Age at study entry was 63.9 6 9.7 years, 62% of the participants were female and 40% were black. Mean eGFR at baseline was 83.3 6 20.8 mL/min/1.73 m 2 . Over a median 8-year follow-up, 1.2% (n ¼ 236) developed ESRD. In models adjusted for baseline eGFR, ACR and other ESRD risk factors, the HR for incident ESRD was 1.16 [95% confidence interval (CI) 1.01-1.33] for each standard deviation (0.33 g/dL) lower serum albumin concentration. The HR comparing the lowest (<4 g/dL) and highest quartiles (!4.4 g/dL) of serum albumin was 1.61 (95% CI 0.98-2.63). Results were qualitatively similar among participants with eGFR <60 and !60 mL/min/1.73 m 2 , and those with and without diabetes. Conclusions. In community-dwelling US adults, lower serum albumin concentration is associated with higher risk of incident ESRD independently of baseline urine ACR, eGFR and other ESRD risk factors.
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I N T R O D U C T I O N
Serum albumin concentration is a widely available clinical biomarker with prognostic value for numerous health outcomes. The association of serum albumin concentration with vascular disease has been extensively investigated, and lower concentrations have been associated with risk for the development of coronary heart disease, heart failure and cardiovascular mortality in several prospective studies across a variety of populations [1] [2] [3] .
These associations may reflect many processes, including increased catabolism in inflammatory states, reduced production in settings of diminished protein and calorie intake and increased urinary albumin losses in overtly proteinuric kidney disease [4, 5] . Lower serum albumin concentration is a marker of increased mortality risk in chronic kidney disease (CKD) [6] , persons on dialysis [7] and renal transplant recipients [8] . Less is known about the association of serum albumin concentration with the risk of progressive CKD. High urine albumin excretion is associated with low serum albumin concentrations, and is a well-established risk factor for CKD progression. However, whether serum albumin concentration itself is associated with CKD progression, and whether any such putative association is independent of urine albumin excretion is uncertain.
The purpose of this analysis is to test whether lower serum albumin is associated with incident end-stage renal disease (ESRD) among a community-dwelling population of black and white adults in the USA. A priori, we hypothesized that lower serum albumin concentration would be associated with incident ESRD, and that the association would remain even after adjustment for urine albumin-to-creatinine ratio (ACR).
M A T E R I A L S A N D M E T H O D S

Study design
The Reasons for Geographic and Racial Differences in Stroke (REGARDS) Study is a prospective, population-based cohort study of black and white adults 45 years and older in the USA. REGARDS was designed to study factors associated with high stroke mortality in the stroke belt of the Southeastern USA and among black persons [9] . An ancillary study added measurement of serum albumin and ESRD linkage and was initiated during REGARDS enrollment [10] .
Participants
REGARDS enrolled 30 239 persons from January 2003 until October 2007, with oversampling of residents of the Southeastern USA and black individuals [11] . Fifty-six percent of the sample was recruited from eight Southeastern states (North Carolina, South Carolina, Georgia, Alabama, Mississippi, Tennessee, Arkansas and Louisiana), with the remainder coming from the other 40 contiguous states and the District of Columbia. Black persons made up 42% of the study population [11] . An ancillary study added measurements of serum albumin and other variables among participants enrolled starting in May 2004; thus, the first 8608 enrolled participants did not have these measurements [12] . Recruitment was conducted through a combination of mail and telephone contact. Age, sex, race, smoking status, antihypertensive medication use, antidiabetes medication use and history of cardiovascular disease were obtained from a telephone interview. Each participant completed a single in-home visit at which blood pressure, height and weight were measured, blood and urine samples were taken, and an electrocardiogram was performed. The study was approved by the institutional review boards of all participating institutions, and all participants gave written informed consent. A total of 10 553 participants (including the 8608 mentioned above) were excluded from this analysis because of missing data for serum albumin, creatinine, cystatin C or urine ACR. An additional 53 persons who reported being on dialysis at the time of enrollment or who were identified as initiating dialysis prior to the baseline visit through US Renal Data System (USRDS) were excluded, resulting in a final study sample of 19 633 (Figure 1 ).
Serum albumin
Albumin was measured in serum using colorimetric reflectance density on the Ortho Vitros 950 IRC Clinical Analyzer (Johnson & Johnson Clinical Diagnostics, Rochester, NY, USA). The interassay coefficients of variation were 1.7% at 2.4 g/dL and 0.9% at 4.6 g/dL.
Incident ESRD
Incident ESRD was ascertained from linkage to the USRDS, which collects information on persons initiating dialysis or receiving kidney transplants. The current analysis included ESRD cases identified through 3 June 2014. Mortality was assessed in a secondary analysis as a competing risk for incident ESRD and was ascertained from 6-month interval follow-up by telephone or mail with participants' proxies, and confirmed with review of death certificates or the Social Security death index. Deaths were identified through 3 June 2014.
Other measurements
The glomerular filtration rate (GFR) was estimated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) combined creatinine-cystatin C equation [13] . Serum creatinine was measured at the University of Vermont, and was calibrated to an isotope-dilution mass spectroscopic standard. Cystatin C was measured by particle-enhanced immunonephelometry (Dade Behring, now Siemens, Munich, Germany, N Latex on BNII) [14] . Urine albumin was measured on a random spot urine sample with the BNII ProSpec nephelometer from Dade Behring (now Siemens) at the University of Minnesota, with an observed assay range from 2.4-76.9 mg/L on initial sampling, and interassay coefficients of variation of 2.2% at 109.9 mg/L and 4.3% at 12.7 mg/L. A rate-blanked Jaffé procedure with the Modular-P analyzer from Roche/Hitachi (Roche Diagnostics, Rotkreuz, Switzerland) was used to measure urine creatinine. Initial sampling showed an observed assay range of 1-650 mg/dL, and interassay coefficients of variation were 2.4% at 66.6 mg/dL and 7.8% at 15.6 mg/dL [12] . High-sensitivity Creactive protein (CRP) was measured by particle-enhanced immunonephelometry using the BNII nephelometer from Dade Behring (now Siemens) with interassay coefficients of variations of 2.1%-5.7%. Total and high-density lipoprotein (HDL) cholesterol were measured by colorimetric reflectance spectrophotometry using the Ortho Vitros Clinical Chemistry System 950IRC from Johnson & Johnson Clinical Diagnostics [15] .
Definitions of other covariates
We defined prevalent cardiovascular disease by evidence of coronary heart disease (self-reported myocardial infarction, coronary artery bypass graft, angioplasty or stent; or electrocardiographic evidence of prior infarction based on the Minnesota classification [16] ) or self-reported history of stroke. Diabetes was defined as fasting venous blood glucose !126 mg/dL, non-fasting venous glucose !200 mg/dL or self-report of antidiabetes medication use. Smoking status was determined from self-report of current, past or never smoking.
Statistical analysis
Baseline characteristics are reported as count (percentage), mean [standard deviation (SD)] or median [interquartile range (IQR)] for the whole sample and by quartile of serum albumin. Significance testing for differences in baseline characteristics among albumin quartiles were performed using chi-squared tests for dichotomous and categorical variables and ANOVA for continuous variables. Cumulative ESRD incidence and rate were calculated by serum albumin quartile. Quartiles were unequal because serum albumin was rounded to the nearest 0.1 g/dL.
Cox proportional hazards regression was used to determine hazard ratio (HR) [95% confidence interval (CI)] of incident ESRD per SD lower serum albumin in unadjusted and sequential multivariable adjusted models. The first model adjusted for demographic variables (age, sex and race) and estimated GFR (eGFR). The second model also adjusted for body mass index (BMI), systolic blood pressure, antihypertensive medication use, smoking status, prevalent cardiovascular disease, diabetes, logarithm of CRP, total cholesterol and HDL cholesterol. A final model added adjustment for the logarithm of urine ACR. Cubic spline regression analysis with serum albumin concentration as the predictor variable was performed. This was adjusted for the variables as in the final model above, and knots were placed at the quartiles. Proportional hazards assumptions were tested for age, eGFR, logarithm of urine ACR and serum albumin, and were not violated. The analyses were repeated using the Fine and Gray method to evaluate death as a competing risk [17] . In sensitivity analyses, the main models were repeated using the CKD-EPI creatinine equation, because cystatin C concentration may be affected by inflammation [18] .
Multiplicative interactions between serum albumin and eGFR rate category (<60 or !60 mL/min/1.73 m 2 ), urine ACR categories (<30, 30-300 or >300 mg/g), diabetes status, race and sex were calculated individually, and stratified analyses were conducted for those with two-sided P < 0.10. All analyses were conducted using SAS Version 9.4 (Cary, NC, USA).
R E S U L T S
Characteristics of participants by quartile of serum albumin are presented in Table 1 . Among the 19 633-person study sample, the mean age (SD) was 63.9 6 9.7 years. Women made up 62% of the sample, and 40% were black. Diabetes mellitus was present in 20%, 53% took antihypertensive medications, 17% had coronary heart disease and 5% had cerebrovascular disease. More than half the participants were prior or current smokers. Mean serum albumin was 4.2 6 0.3 g/dL. Median serum albumin was 4.2 g/dL, the 25th percentile was 4.0 g/dL and the 75th percentile was 4.4 g/dL. Figure 2 shows the distribution of serum albumin level and fitted normal curve. The mean eGFR was 83.3 mL/min/1.73 m 2 , and 14% of participants had an eGFR <60 mL/min/1.73 m 2 at baseline. Urine ACR of 30-300 mg/g was present in 12% of participants, and >300 mg/g was present in 2%. Supplementary Table S1 compares baseline characteristics of the included and excluded subjects. Excluded subjects were older (mean age 66.6 years), a lower proportion was female (43%), and they had lower mean eGFR (78.2 mL/ min/1.73 m 2 ), among other differences. Persons in the lower serum albumin quartiles tended to be older, and were more likely to be female and black. Coronary heart disease, cerebrovascular disease, diabetes mellitus and antihypertensive medication use were more prevalent in the lower albumin quartiles. A higher proportion of never-smokers was present in the lower two albumin quartiles. Systolic blood pressure was slightly higher and diastolic blood pressure slightly lower, with lower serum albumin. BMI was higher in the lower serum albumin quartiles. Persons in the lowest serum albumin quartile also had lower eGFR and higher prevalence of both micro-and macroalbuminuria. Serum albumin concentration was inversely related to the logarithm of urine ACR, with Pearson correlation coefficient À0.09 (P < 0.001).
Median follow-up was 8 years. Figure 3 shows the cumulative incidence of ESRD (censoring at death) by serum albumin quartile. In unadjusted analysis, lower serum albumin concentrations were strongly associated with risk of ESRD ( Table 2 ). The unadjusted HR (95% CI) for incident ESRD per SD (0.33 g/dL) lower serum albumin was 2.51 (95% CI 2.22-2.84). The HR decreased to 1.52 (95% CI 1.34-1.73) when adjusted for age, race, sex and baseline eGFR. Additional adjustment for BMI, systolic blood pressure, antihypertensive medication use, smoking status, cardiovascular disease, diabetes mellitus, logarithm of CRP and cholesterol resulted in an HR of 1.40 (95% CI 1.23-1.29). When urine ACR was additionally added to the model, the HR was 1.16 (95% CI 1.01-1.33). HRs (95% CIs) for covariates in the final model are given in Supplementary Table S2 .
In analyses of serum albumin categorized by quartiles, incident ESRD in the lowest compared with the highest quartile revealed an unadjusted HR of 6.80 (95% CI 4.45-10.41) ( Table 2) . Adjustment for age, sex, race and baseline eGFR reduced the HR to 2.26 (95% CI 1.46-3.49). The final model, with additional adjustment for urine ACR, resulted in an HR of 1.61 (95% CI 0.98-2.63). Results were unchanged when analyses were repeated with baseline eGFR estimated using the CKD-EPI creatinine equation (data not shown). Figure 4 shows the cubic spline regression results adjusted for Model 3 variables. For the lower tail of the serum albumin distribution the curve is flat, but the risk estimate for ESRD decreases steadily with higher serum albumin concentrations in the rest of the distribution.
Multiplicative interaction testing of serum albumin with baseline eGFR categories (<60 versus !60 mL/min/1.73 m 2 ) revealed a P-value of 0.07, and with diabetes status also had a P-value of 0.07. Each SD lower serum albumin was associated with an HR for incident ESRD of 1.14 (95% CI 0.97-1.33) and 1.61 (95% CI 1.21-2.15) among participants with eGFR <60 and !60 mL/min/1.73 m 2 , respectively ( Table 3 ). The strength of association between serum lower albumin quartiles and incident ESRD was markedly higher among those with (14) 973 (20) 625 (14) 527 (11) 526 ( Quartiles are unequal because the laboratory rounded serum albumin to nearest 0.1 g/dL. eGFR, estimated glomerular filtration rate using the CKD-EPI combined cystatin C-creatinine equation; LDL, low-density lipoprotein.
FIGURE 2: Distribution of serum albumin in study participants.
Serum albumin concentration and risk of ESRD eGFR !60 compared with <60 mL/min/1.73 m 2 (Table 3) . Among those with diabetes, the fully adjusted HR per SD lower serum albumin was 1.29 (95% CI 1.08-1.55), whereas it was 1.22 (95% CI 0.99-1.49) in those without diabetes (Supplementary  Table S3 ). There was no evidence of effect modification by urine ACR categories (<30, 30-300, >300 mg/g), sex or race (P-values for interaction 0.25, 0.73 and 0.99, respectively).
Among the 19 633 study participants, there were 2875 deaths during follow-up. Twenty-two percent of participants in the lowest albumin quartile died during follow-up, compared with 11% in the highest albumin quartile. Fine and Gray subdistribution hazard models using death as a competing risk for incident ESRD in continuous and categorical analyses revealed no substantial changes in risk estimates.
D I S C U S S I O N
In this study of community-dwelling black and white adults in the USA, lower serum albumin concentration was independently associated with higher incident ESRD risk. This association persisted after adjustment for factors associated with kidney disease, including diabetic and cardiovascular comorbidities, baseline eGFR, CRP and notably, urine ACR. Serum albumin was strongly associated with ESRD risk in unadjusted analysis; an association that was attenuated but not extinguished when adjusted for age, baseline eGFR and other risk factors. Additional adjustment for urine ACR attenuated the remaining association, but did not eliminate it. Based on the categorical analyses, this increased risk seems to be present for serum albumin levels below the median, but not above. We conclude that lower serum albumin is independently associated with incident ESRD risk, and this association is not entirely explained by greater urine ACR.
Notably, the association between serum albumin concentration and incident ESRD was stronger in the subgroup of participants with baseline eGFR !60 mL/min/1.73 m 2 , despite the lower ESRD incidence in this group. This initially surprising finding is related to the low ESRD absolute risk among those with eGFR !60 mL/min/1.73 m 2 , which can be demonstrated with incidence rates (see Supplementary Table S4 ). In the higher eGFR group, the unadjusted incidence rate ratio between highest and lowest serum albumin quartiles is over 10, whereas the incidence difference is 88 per 100 000 person-years. In comparison, among those with eGFR <60 mL/min/1.73 m 2 the incidence rate ratio is only 3, but the incidence difference is 1178 per 100 000 person-years. Thus, while the strength of association is more striking in the higher eGFR group, the importance as a prognostic factor may be more relevant to those with lower eGFR given the much higher absolute risk. Supplementary Table S5 shows incidence rates for subgroups defined by eGFR and urine ACR categories, demonstrating similar findings regarding risk ratios and differences in these subgroups.
To our knowledge, this is the first study to demonstrate an association between serum albumin concentrations and ESRD while accounting for urine ACR in a community-dwelling adult population. A prior analysis of the Cardiovascular Health Study demonstrated that lower serum albumin was associated with decline in eGFR, rather than ESRD, in a community-based cohort of persons aged 65 years and older [19] . That study focused on inflammatory markers and found that the association of markers with CKD progression was unique for serum albumin, and was not observed with C-reactive protein (CRP), interleukin-6 (IL-6), or other systemic markers of inflammation. However, urine ACR was not measured and so it remained unclear if the unique associations of serum albumin with CKD progression were perhaps marking greater urine albumin loss. Subsequently, an equation to estimate risk of progression to ESRD in patients with established CKD was developed and validated in populations with prevalent CKD. It was found that lower serum albumin, in addition to higher urine ACR, helped to predict incident ESRD in persons with CKD Stages 3-5 [20, 21] . A recent analysis of the Chronic Renal Insufficiency Cohort found lower serum albumin was associated with higher risk of !50% decline in eGFR or incident ESRD among persons with eGFR 20-70 mL/min/1.73 m 2 , independent of urine ACR and inflammatory markers [22] . In addition, a recent study in community-living elders showed that serum albumin was associated with incident CKD; however, there were insufficient ESRD events to evaluate this outcome in that study [23] . Thus, our study extends the literature in several ways. We confirm that the association of lower serum albumin concentration with ESRD risk is not merely a reflection of greater urine ACR. We extend prior observations that evaluated CKD progression to a hard, clinically relevant incident ESRD endpoint, and we demonstrate that this association is not limited to persons with CKD at baseline, but that serum albumin concentration is also a risk marker for CKD in the general population. The CKD-EPI creatinine-cystatin C combined equation was chosen for the primary analysis because of superior accuracy over equations based on either creatinine or cystatin C alone across widely ranging kidney function [24] . However, serum cystatin C concentration is increased in inflammatory states, and is inversely correlated with serum albumin concentration [25] , and thus the non-GFR-related relationship between serum albumin level and incident ESRD may be attenuated when using cystatin C to estimate baseline GFR. This did not appear to significantly impact the results, as the main analyses were minimally affected by using the CKD-EPI creatinine equation for baseline eGFR.
While mechanisms are uncertain, there are several possible explanations for the inverse association between serum albumin concentration and incident ESRD risk. First, lower serum albumin concentration may hold information about the true baseline GFR, beyond what can be derived from eGFR equations that incorporate demographics, serum cystatin C and creatinine. This possibility is supported by the original development and validation of the Modification of Diet in Renal Disease (MDRD) Study estimating equation, which showed that lower serum albumin concentration was associated with lower measured GFR, and inclusion of serum albumin concentration, in addition to other serum markers, improved the accuracy of the GFR estimating equation [26] . Subsequent data suggested that the eGFR equation performance was not materially influenced by dropping serum albumin and retaining age, gender, race and creatinine, resulting in the so-called '4-variable MDRD equation'. The relationship between serum albumin concentration and true GFR may be due, in part, to increased tubular creatinine secretion at lower serum albumin concentrations [27] . Also, lower serum albumin concentration may reflect renal tubular dysfunction impairing protein reabsorption from the filtrate [28] , and thus may reflect tubular damage predisposing to development and progression of clinically apparent renal disease. However, this would likely have been reflected by greater urine ACR, and we found that the association of low serum albumin with ESRD events was independent of urine ACR. Serum albumin concentration may also provide additional information on the inflammatory milieu, beyond what is contained in the serum CRP concentration. However, prior studies in the general population have found that serum albumin is uniquely associated with CKD progression, an association that is not found with other serum markers of inflammatory stress [19] . The general nutritional state of an individual, influenced by factors that affect renal disease such as overall health, comorbidities and inflammation, may also link serum albumin level with renal outcomes. Thus, despite several appealing hypotheses, the mechanisms linking lower serum albumin with ESRD events remain obscure.
While mechanisms remain uncertain, these findings may have clinical implications. Serum albumin concentrations are strongly associated with ESRD events in unadjusted analysis, and modestly associated in fully adjusted analysis. Prior studies in populations with CKD suggest that they are predictive of ESRD independent of other CKD risk factors. Serum albumin measurements are nearly ubiquitously available, typically inexpensive and precisely measured by the clinical laboratory. These data suggest that measurement of serum albumin may add information about risk for CKD progression and ESRD on top of urine ACR, eGFR and other clinical risk factors. Individuals with lower serum albumin may benefit from closer surveillance and aggressive treatment of CKD risk factors in an effort to abate CKD progression.
This study has many strengths, including the use of a large, community-dwelling, geographically diverse population; the high prevalence of black race; the linkage with USRDS, which identifies nearly all incident ESRD cases; and the availability of baseline albuminuria and cystatin C measurement. The study also has important limitations. The study sample excluded persons of races other than black and white. The relative imprecision of the serum albumin measurements, measured to the nearest 0.1 g/dL, may have caused underestimation of the correlation between serum albumin concentration and incident ESRD. Additionally, despite most exclusions being due to enrollment before serum albumin measurement was added to the REGARDS protocol, differences between excluded and included subjects were found, which may limit generalizability. Although the association remained after adjustment for the included covariates, given the degree of attenuation with the adjustments, residual confounding from unadjusted and/or unmeasured covariates could perhaps explain the observed association. Etiology of progressive CKD and ESRD incidence were not available in this study. We were not able to perform sensitivity analyses using other kidney disease outcomes, such as decline in eGFR.
In conclusion, we show that lower serum albumin, an inexpensive and widely available biomarker, is associated with incident ESRD in community-dwelling adults. This association is independent of CKD risk factors, baseline eGFR and urine ACR.
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